Azobenzene-derivative molecules change their conformation as a result of a cis-trans transition when exposed to ultraviolet or visible light irradiation and this is expected to induce a significant variation in the conductance of molecular devices. Despite extensive investigations carried out on this type of molecule, a detailed understanding of the charge transport for the two isomers is still lacking. We report a combined experimental and theoretical analysis of electron transport through azobenzene-derivative single-molecule break junctions with Au electrodes. Current-voltage and inelastic electron tunneling spectroscopy (IETS) measurements performed at 4.2 K are interpreted based on first-principles calculations of electron transmission and IETS spectra. This qualitative study unravels the origin of a slightly higher conductance of junctions with the cis isomer and demonstrates that IETS spectra of cis and trans forms show distinct vibrational fingerprints that can be used for identifying the isomer.
Photochromic molecules are promising building blocks for the realization of functional molecular circuits [1, 2] . In recent years, the charge transport in these molecules has been extensively investigated for a wide range of systems [3] [4] [5] [6] [7] [8] [9] . When photochromic molecules in solution are exposed to radiation of ultraviolet or visible light, the molecules undergo a reversible conformational change. In the case of azobenzene and its derivatives, it is a cistrans transition going along with a pronounced change of the geometry. In addition, upon this isomerization the electronic properties change markedly, providing an opportunity to build photoactive devices such as optically driven electronic switches or memories, if these molecules are bridging nanoelectrodes.
The azobenzene class of molecules has become an archetype of molecular photoswitch research, due to their simple structure and the significant difference of the electronic system between their cis and trans isomers [1, 4, [10] [11] [12] [13] . The dynamics of the switching process of azobenzene chemisorbed on surfaces has also been studied in detail [14] . However, the charge transport properties of both isomers, when embedded in a junction with electrodes are still ambiguous. Devices with the cis isomer have been reported to exhibit a higher [4, 5, 13, 15] or lower [1, 10] conductance than the trans isomer. The difference in conductance between the two conformations may arise from a shift of the energy of the current-carrying molecular level [4, 10] or by the change of tunneling barrier width due to the length change going along with the isomerization [5, 13, 15] . In order to clarify these issues, transport measurements using single-molecule junctions (SMJs) at low temperature, including inelastic electron tunneling spectroscopy (IETS), are required. IETS allows us to detect vibrational excitations in nanoscale junctions, and is very sensitive to the molecular conformation, contact geometry, and electrode-molecule coupling [16] [17] [18] [19] [20] [21] [22] . Hence, IETS spectra provide evidence of the cis-trans conformation, as well as information on the inelastic transport processes across different isomers. In addition, the analysis of current-voltage (I-V) characteristics based on a single-level transport model and ab initio quantum chemical calculations shed light on the character of the dominant molecular energy level and on the contact coupling in the two different isomers [2, 19, 23] .
In this Letter, we investigate charge transport properties through single Azobenzene-ThioMethyl (AzoTM) molecules in a mechanically controlled break-junction (MCBJ) system at 4.2 K. Single-molecule conductance, I-V characteristics, and IETS spectra of molecular junctions are measured and compared with first-principles transport calculations. These studies elucidate the charge transport properties of single azobenzene-derivative molecules.
The azobenzene-derivative molecules containing CH 2 side chains with sulfur (S) end groups are newly developed to control the coupling strength between the switching kernel and the metal electrodes. It has been shown that the switching process might be suppressed when the coupling of the switching core to gold electrodes is too strong [11, 12] . Furthermore, side chains are necessary that bear enough flexibility for the molecule to adopt to the electrode distance in both isomers without breaking the contact to the metal electrodes.
Either cis or trans isomers, initialized by irradiating UV or visible light, respectively, are assembled on the lithographically defined Au electrodes and then mounted in a custom-designed cryostat equipped with a MCBJ system. The optical properties, synthesis method of the molecules, and the device fabrication are described in the Supplemental Material [24] . In order to determine the characteristic conductance values of the Au-AzoTM-Au junctions, the junctions were repeatedly opened and closed while recording the conductance. Figure 1 (a) presents typical conductance traces acquired during opening processes for both isomers. Clearly, cis isomers show a larger conductance value than trans isomers. The averaged values of the conductance for cis and trans isomers are ð4:9 AE 3:4Þ Â 10 À7 G 0 and ð1:6 AE 0:7Þ Â 10 À7 G 0 , respectively, (conductance quantum G 0 ¼ 2e 2 =h), as obtained by fitting the conductance histograms shown in the Supplemental Material [24] . This relatively small difference between cis and trans and low conductance is attributed to the existence of CH 2 side chains acting as tunneling barriers and thus reducing the voltage drop across the azobenzene core [25] .
With the aim of clarifying the transport properties of single AzoTM molecules, the I-V characteristics were measured at the lowest conductance regime for cis and trans isomers as shown in Figs. 1(b) and 1(c). The I-Vs were measured between 4.2 K and 40 K, and were found to be temperature independent, signaling off-resonant transport [24] . These I-V curves were analyzed and fitted using the single-level model [2, 19, 23] . This model assumes a single molecular orbital at energy E 0 coupled symmetrically to each lead via the coupling constant À (see Supplemental Material) [24] . This yields a resonance with Lorentzian shape in the transmission function
The current is calculated as an integration over the bias window using the Landauer formula [24] . The values of À and jE 0 j extracted from the measured I-V curves are listed in Table. I. The À values are small and do not change markedly between the isomers, because they are dominated by the alkane chains. The difference in conductance is thus fully caused by a shift of the molecular orbital.
In order to support our experimental analysis and to obtain a deeper physical understanding of the observed conductance characteristics, the transmission spectra for Au-AzoTM-Au junctions were calculated using density functional theory (DFT) combined with nonequilibrium Green's function (NEGF) methods. The electronic structure and geometries are calculated with the SIESTA code [26] , and the elastic transport is simulated for the TRANSIESTA setup [27] . We use a supercell description of the scattering region with an AzoTM molecule sandwiched between Au electrodes made up of 6 Au(111) layers. A 5-atom pyramidlike conformation of the Au atoms is assumed in the contact. The generalized gradient approximation (GGA) was employed for exchange correlation [28] . Further details of the calculations are given in the Supplemental Material [24] .
In Fig. 2 we represent the computed transmission curves obtained for varying electrode separations L (measured between the Au atoms binding to the molecule). We observe that cis and trans isomers exhibit distinct features similar to what was recently reported for monolayers of azobenzene connected to low-coordinated Au atoms [29] . For the cis [ Fig. 2(a) ] isomer, regardless of the stretching exerted on the molecule, the charge transport around the Fermi level is mediated by the tail of a resonance delocalized over the entire molecule. In the case of trans isomers, a double-peak feature is observed for each electrodeelectrode separation, which we trace back to the interplay between two molecular orbitals. One of the orbitals of the trans isomer extends across the whole molecule whereas the other orbital is very localized around the N ¼ N bond region. A weak coupling between these two orbitals lying close in energy gives rise to a wide peak and a Fano-like resonance. We note that while the energetic position of the localized state may suffer from deficiencies of GGA [30] 
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has a negligible contribution to the transmission at the Fermi level. Consequently, the charge transport for the trans isomer is also dominated by the delocalized molecular orbital. These results suggest that the conductance for the cis isomer is higher than the trans isomer because the current-carrying molecular state is closer to the Fermi energy.
For the cis [ Fig. 2(c) ] isomer, regardless of the stretching exerted on the molecule, the charge transport around the Fermi level is mediated by the tail of a resonance related to the highest occupied molecular orbital (HOMO). In the case of trans isomers, a double-peak feature is observed for each electrode-electrode separation, which we trace back to the interplay between the HOMO-1 and HOMO molecular orbitals. The HOMO-1 orbital of the trans isomer extends across the whole molecule, whereas the HOMO orbital is very localized around the N ¼ N bond region. A weak coupling between these two orbitals lying close in energy gives rise to a wide peak and a Fano-like resonance. The latter has a negligible contribution to the transmission at the Fermi level and, consequently, the charge transport around the Fermi level is dominated by the HOMO-1 molecular orbital. Accordingly, the transport level is further away from the Fermi level than in the case of the cis isomer. These results suggest that the difference in the conductance of the isomers is due to the difference of their corresponding resonant states, in agreement with the experimental findings.
The resonances in the transmission of cis isomers can be fitted using the single-level model, as shown for a chosen electrode-electrode separation in Fig. 2(a) (dash-dotted  line) . For the trans isomers, the transmission can be fitted using the Fano resonance model described in the Supplemental Material [24] . The fitting for one bridging distance is given in Fig. 2(c) (dash-dotted line) . In both cistrans cases we get values for the energy of the dominant resonant level, closer to Fermi level than the values extracted from experimental I-V curves, which might be due to the underestimation of the HOMO-LUMO gap in DFT [31] . The single-level and Fano resonance models considered here, assume symmetric coupling to the electrodes. Overall, the fitting of the calculated transmission curves is very good, and the small deviations observed in Figs. 2(a) and 2(c) may be ascribed to a low degree of asymmetry in the systems. Numerical values of the fitting parameters are given in the Supplemental Material [24] .
In the right panels of Fig. 2 the scattering states corresponding to the most transmitting eigenchannel (incoming waves from the bottom side) are visualized for the cis [in Fig. 2(b) ] and trans [in Fig. 2(d) ] isomers [32] . It is seen that the eigenchannel for cis decays more slowly through the molecular region as for trans, which reveals a bottleneck in the central region of the molecule around the N ¼ N bond. This is consistent with the larger conductance found numerically for the cis isomer. Our calculations also reveal that the conductance of the cis isomer [in Fig. 2(a) ] is almost independent of the electrode-electrode separation while for the trans isomer [in Fig. 2(c) ] the conductance markedly decreases upon increasing the bridging distance, which is consistent with what is observed in the experimental stretching curves of Fig. 1(a) . While our simulations reproduce qualitatively the experimental trends, the calculated conductance values are, however, significantly larger than the experimental ones. This discrepancy may be due to the fact that DFT-GGA is known to underestimate the HOMO-LUMO gap, and as a result, conductance values at Fermi level obtained with DFT can be significantly larger than those obtained with methods which better describe the HOMO-LUMO gap, such as GW method [31, 33] . Besides, the discrepancy might also be related to qualitatively different Au-S bonding motifs between theory and experiment [34] .
Further support for the molecules being in the predefined conformation, i.e., cis or trans, can be obtained by studying differences in IETS for the two isomers. To date, several IETS studies have been performed for test bed molecules such as alkane and benzene [17, [19] [20] [21] . However, IETS measurements on photoswitching molecules have not been reported so far. Figure 3(a) shows experimental IETS spectra of Au-AzoTM-Au junctions for both isomers, measured using a standard lock-in technique [19, 20] and by averaging over several measurements [24] . IETS for cis and trans isomers exhibit distinct features, especially in voltage range 120-200 meV. IETS for trans isomers shows a strong signal at $160 meV, while cis isomers present a dominant peak at $190 meV. These variations in the IETS spectra reveal that the molecules were isomerized in different forms. Consequently, IETS spectra may be used as fingerprints for the differentiation of cis-trans isomers of the AzoTM molecule [24] .
With the aim of elucidating the origin of these differences in the IETS, we have simulated the inelastic corrections to the tunneling current using the INELASTICA package [24, 35, 36] . The simulated IETS spectra are shown in Fig. 3(b) , as obtained by averaging IETS for three different stretching conditions and neglecting asymmetric contributions [24] . Direct comparison with experiments requires detailed insight into the atomic arrangement of the junction. As this is largely unknown in MCBJ, it can explain certain differences between theory and experiment in Fig. 3 , in particular in the low-bias region. However, robust features of both experiment and theory are observed in the voltage range 120-200 meV, where the cis (trans) isomer shows a distinct inelastic signal around $200 meV ($ 180 meV) as indicated by arrows. Looking at the underlying vibrational modes giving rise to these signals we conclude that the peaks originate from modes with a strong N ¼ N stretching character [24] . Indeed the atomic arrangement around the N ¼ N bond is the most distinctive one between the cis-trans isomers and, as a result, the vibrational energies for modes involving motion of these atoms may be different. Since some of these modes are IETS active, distinguishable IETS signals are to be expected. This analysis supports that the observed differences in the experimental IETS are indeed caused by the cis-trans conformation.
In conclusion, we have investigated both experimentally and theoretically the elastic and inelastic charge transport properties of single azobenzene-based molecular devices. Our results demonstrate that the current-carrying energy level of trans isomer is further away from the Fermi energy than cis, resulting in lower conductance by roughly a factor of three. While the conductance ratio between cis and trans has a reasonable value, the overall conductance of these junctions is probably smaller than desired for applications in real devices. However, we have shown that the cis-trans isomers possess unambiguously different IETS fingerprints which thus enable an alternative readout path for identifying the state of azobenzene-based molecular switches. 
